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ABSTRACT
The histone lysine methyLtransferases 
methyl groups from S-adenosylfL-methionine
enzymes are located exclusively within the 
bound to chromatin. The chromosomal bound 
free or loosely bound histones, 
ated within the nucleosomes are methylated 
The enzymes were extracted by limited 
chromosomal DNA from rapidly broliferating
micrococcal nuclease. The en
residues in the N-terminal regions of histones H3 and H4. These
catalyze the transfer of
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zymes were further purified by gel
filtration, ammonium sulfate fractionation
tinct fractions by Sepharose 6B|-100 and DEAE-cellulose
tography. The histone methylcransferases ijtfere resolvecj into two dis-
One enzyme fractionated by DEAE-cellulose chromatograpljy was specific
for histone H3, while the other
Histone H3 lysine methyltrhnsferase w^s shown to igethylate only 
the lysyl residues of chromosomkl bound or soluble histfone H3. The 
molar ratio of mono- to di- to ^rimethyllysine in the Soluble system 
was 1.0:2.1:1.0, while the ratio with chromosomal bouncj histone H3 was
1.9:1.0:0.08.
The histone H4 lysine meth^ltransferake which was
upon further purification. The
DEAE-cellulose chromatography
enzyme was
the crude nuclease digest, wai Extremely labile loosing all activity
histone H4 and would not methylate lysyl residues in histone H4.
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stivity. However, when tike enzymes re­
mained associated with DNA frpgtnents they were quite stable. Indi­
cating that the enzymes requite
interactions involving the enzyjne with its
The requirement for DNA may only be important to preverkt hydrophobic
DNA for stability and/kr activity.
elf and/or other non-histone
chromosomal proteins.
INTRODUCTION
Our knowledge of eucaryo 
the past few years. The mode 
first proposed by Olins and 0 
nucleosome (bead) consists of
tic chromatin) has increased markedly over 
1 of chromatik as "beads on a string"
Tins (1) has been greatly expanded. The 
a| flat partible in which the DNA is
wrapped around a histone corel Brief micrpcoccal nuclease digestion
of rat liver chromatin yields
one molecule of histone HI and two molecules each of the other four
histones, H2A, H2B, H3 and H4
lysyl residue at position 20, 
lysyl residues at positions 9 
contain e-N-mono, e-N-di and -^-trimethyl 
lysine is absent from histone
particles (200 base pair$) containing
(2). Exhaus ive digestion leads to a
stable limit particle (146 base pairs) containing all tfhe histones 
except HI. Since histones H2^ pnd H2B are quite resistant to trypsin 
digestion they appear to be completely burned in the nucleosome. In 
contrast the N-terminal regions (20-30 ami(io acid residues) of histone 
H3 and H4 are susceptible to trypsin digestion (3). The N-terminal 
regions of these histones conta|Ln the methylated lysyl residues.
Histone H4 from mammalian systems contains a single methylated
while histonp H3 contains methylated 
and 27 (4). Both sites on histone H3
ysine, while e-N-trimethyl- 
H4 from mamir|alian speciesH4. Histone
contain both methylated and uikmbthylated residues at position 20, 
while this site is unmethylated in peas (5j6). In the'rat, methyl- 
ation of histones H3 and H4 does not vary |rom organ to organ (7). In 
histone H3 the molar ratio of mpno- to di- to trimethyllysine is 
0.55:1.0:0.35. In histone H4 tbe ratio of(mono- to dinjethyllysine is 
about 0.1:0.9.
1
The histone lysine methyL 
methyl groups from S-adenosyl 
residues in the flexible N-tetmi 
These enzymes are located exc L 
bound to chromatin (8).
It is the purpose of thi^ 
terize the histone lysine me 
ating rat brain chromatin, 
histone methyltransferase(s) 
chromatin structure and the 
transcriptional modifications
-L-methionine to specific
ransferases catalyze th^ transfer of
e -N-lysyl 
H3 and H4. 
and are firmly
nal regions of histone^ 
sively within the nucle
:th
The
b.L
investigati 
yltransferas^ 
isolation 
^ill help fur
ochemical significance of such post-
on to isolat^ and charac- 
(s) from rabidly prolifer- 
and purification of the 
;her the understanding of
HISTORICAL REVIEW
It is now well established, that eucar 
two parts the nucleosomal partifcle and the 
string). The nucleosomal particle consist
around a histone octomer, made up of equimolar amounts
H2B, H3 and H4. The length o 
and varies between 15 and 100 
HI and some 20 to 200 non-his 
with the linker region.
Various models have been 
histones along the major and
f the linker
yotic chromatin is made up of 
linker region (Beads on a 
s of 145 basb pairs wound
of histones H2A,
region depends on the species
tone chromoso
proposed for 
minor groves
common feature of these models is that the
base pairs 0 ) . One molecule of histone
Tial proteins are associated
the alignment of the core 
of the DNA (10-14). One
N-terminal residues of the
core histones are flexible and can bind electrostatically to DNA. 
Weintraub et al. (3) have shpwn that histjones H2A and H2B are quite 
resistant to trypsin digestion. In contract the N-terdiinal regions (20- 
30 amino acids) of histones H3 ^nd H4 are susceptible t[o trypsin. The 
N-terminal regions of these histones contain the methylated lysyl 
residues. Recent studies suggest that the
arranged along the minor grovd,
the major grove (15). Trypsin digestion suggests that
to residues 35-120 and may be
the "seal" while histones H2B
histones ard laterally
while the hon-histones
involved in a nucleosome 
The same region (residues 74-].06) may be cross linked do the globular 
region of histone H2A (18). Histone HI also may be crods linked to 
histone H3 (19). If the histcnds are laterally aligned along the 
minor grove (14,15) then the pistones H3 and H2A should lie close to
and H4 should lie on the
are located in 
histone HI binds 
"seal" (16,17).
other side of
3
the coil (Fig. 1).
Histones are perhaps th4 4°st: conserv 
However, it has become clear
variability (20). Histone HI is by far tie most varia
ed molecules
that there is a significant amount of
in nature.
types. The number of subtractions varies from tissue 
given species. The subtractions appear tc 
in its sequences (21). Histore HI contains 
served regions. One such region of about 
typical of globular proteins 
Very little is known abc 
histone H2A. In rat chlorole 
molecular species of histone 
60% of histone H2A; it has a 
lysine residue at position 99 
arginine residue at position 
16. One type contains a thre 
serine residue at position 16
ble of the five 
to tissue in a
(20). 
ut the variat 
ultemia cells 
H2A (22). On 
serine reside 
The other 
99 and differ
orjine residue
. Tryptic and thermolytic peptide maps 
of calf thymus histone H2A resolved it into two distinct types (23). 
The types vary with the serine-jthreonine substitution 4t position 16 
and a methionine-leucine substitution at position 51.
of the carocIn histone H2B two-thirq; 
conserved, while the amino ac 
thymus H2B has been resolved 
variants differ in their aminlo 
Histone H2B.1 contains the am 
contains serine-glutamic acid
ic} terminal region is not 
ipto three variants (23).
be almost species specific
a number of 
75 base pair
ility of the 
there appear 
e species ac 
e at positio 
two species
highly con- 
s has a sequence
structures of 
to be three 
counts for about 
n 16 and a 
contain an
from one anpther at position
whereas the other has a
oxyl termina
acid sequen 
irio acids gly 
and histone
1 region is 
(20). Calf 
The three 
ce at positions 75 and 76.
cine-glutamic acid, H2B.2 
H2B.3 contains glycine-
glutamic respectively.
Figure 1: Diagram showing hbw histones may align within
the nucleosome.
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This also has been shown to occur in carp
Histone H3 from calf thtmus also contains three variants. H3.1 
and H3.2 are identical except the latter contains a serine residue at 
position 96 in contrast to a cVsteine residue in the cither (24).
26). Histone H3.3 contains t:h^  above substitution of
cysteine at position 96 and it also contains the residues isoleucine
glycine at positions 89-90 ins 
H3.2 (23). Glycine is considered to be a 
90. Pea histone H3 also contains a "helix
>i:ead o
and chickenjhistone H3 (25,
serine for
sition 90 (27). The reason for this alteration is nop understood.
Pea histone H3 contains three: other structural differences as compared
in different
the form of phosphorylated sejrine, histidi
to calf thymus (24).
Except for histone H2B.2 vjrhich has be 
all the above variants of histones H2A, H2 
all tissues of mammals examined, although 
amounts (28). Due to the limitted amount c f knowledge 
such changes only can be speculative 
Histone H4 is the most 1 
cules. Calf thymus histone H4 
substitutions, isoleucine for 
lysine at residue 77 (5,29,3C)j 
Although histones H3 and 
acid sequences, they have bee 
types of postsynthetic modifi 
acetylation, phosphorylation, 
the formation of protein A24.
ighly conserv 
aries from
f valfne-methionire as in H3.1 and 
"helix-breaker" at position 
-breaker" (ferine) at po-
en found only in the mouse, 
B and H3 hav|e been found in 
relative 
the reasons for
ed of all the histone mole-
pea by two c
valine at residue 60 and
H4 are highly conserved,
n found to be
cations are klnown to occur to the histones
methylation,
It has been found that Modifications in
extensively
onservative 
arginine for
in their amino 
modified. Five
poly(ADP)ribosylation and
ne, lysine a{nd threonine
residues, acetylated serine hnd lysine residues, methylated lysine and 
arginine residues and the presence of ADP-ribosyl groups all exert 
specific effects on the histones and their surrounding environment.
The presence of protein A24 seems to be common. It h^s been estimated 
one in ten nucleosomes is altered in this 
The methylation of histones appears
The first identification of in
way (20).
to be a very specific event.
e-N-methyllysine in histones was
observed by Murray in 1964 ($1). In the following years an z -N- 
dimethyllysine derivative was; found in hisitones (32), as was an e-N- 
trimethyllysine derivative (33). It has been established that of the 
five major histones, the methylation of amino acids occurs mainly in 
the arginine-rich histones H3 and H4. Hisitone H3 from calf thymus and 
fish contains methylated lysine residues ^t position ^ and 27 (4,26, 
29,34). A minor site at lysind residue 4 
in developing trout testis (34). Histone
in histone H3 is methylated 
H4 from the above sources
n 20 (29,35)contains only one methylated lysine residue at positio 
Both sites of histone H3 contjain e-N-mono-|, e-N-di, and z -N-trimethyl-
lysine, while the trimethyl derivative is
The methylation sites and the 
H4 are highly conserved (4,5,
not found in histone H4.
mino acid sequences of histone H3 and
It has been shown that 
need not occur. In the pea, 
sine is absent from histone
,24,26,34-38).
methylation of a particular lysyl residue 
histone H4 is unmethylated ar^ d trimethylly 
H3 (5,6).
The methylation of histo|ne|s is relatively a late event in cellu­
lar division occuring after DNA synthesis 
time course of histone methylafion during
rat indicated that the rate of histone methylation reaches a peak at
(39-41). Studies on the 
hepatic regeneration in the
9about 30 hours, whereas the 
about 24 hours (40). Simila 
synchronized HeLa S-3 cells
rate of DNA synthesis reaches a peak at
r results wer 
(42). Methyl
late S-phase through the G2-phase. It wa
methylation occured about 3 lours after DNA synthesis]
Investigators on the kinetics of his :one methylation in Ehrlich
ascites tumor cells revealed
proceeded slower than histone H3. Thomas
e obtained u^ing thymidine- 
ation occure<ji mainly from the 
3 determined that the peak of
that methylation of histones commenced
just after their biosynthesis '(43). The methylation histone H4
monomethylation of histone H3 begins in the S-phase, vfhereas dimethy- 
lation of histone H4 appears t(> occur maiijily in the G^-phase. All the 
methylation sites in histones (13 and H4 are fully methylated after one 
generation. The ratio of moi(o-|- to di- to trimethyllysjine in histone 
H3 is about 1:3:1, while hist ope H4 contained mostly cUmethyllysine. 
The methylation rates of histones H3 and H4 in tumor cells do not
Bryvoet et
et al. (43) found that
differ significantly (8,44). 
methylation of histones H3 ard H4 in Chine 
occurs preferentially in the S-phase. The 
H4 in the newly assembled nucliosomes are 
In the rat, methylation 
organ to organ (7). In histd 
trimethyllysine is 0.55:1.0:0
of histones R3 and H4 does not vary from 
np H3 the mollar ratio of W>no- to di- to 
one H4 the ratio of mono- to
found to proceed step-wise fr 
histone H3 and from mono- to 
Rat brain histones H3 an 
cell division, nor does the e^-methyl gro
.35. In hist
dimethyllysine is 0.1:0.9. In rat brain nuclei, methy|lation has been
om mono- to d
1. (45) demonstrated that 
se hamster o^ary cells 
y found that histones H3 and 
undermethylated.
dimethyllysinp in histone 
d H4 do not t
i- to trimethyllysine in 
H4 (44).
urnover in the absence of 
ups turnover,independently
10
Chinese hamster ovary cells 
However, Hempel et al. (51)
of the polypeptide chain (46,47). Similar results were obtained with 
Novikoff hepatomas cells (47), Ehrlich ascites tumor cells (48),
(49) and developing trout testis (50). 
reported methyl groups on lysyl residues 
in histones H3 and H4 turnover independently of the polypeptide 
chains from nonproliferating adult cat kidney cells. Paik and Kim 
(52,53) have reported that a histone demethylase is present in rat 
kidney and liver cells.
The enzyme catalyzing the transfer of methyl groups from S- 
~adenosyl-L-methionine to the e—N-lysine residues of histones H3 and H4 
was first found in calf thymus nuclei in 1970 (54). Paik and Kim 
called the enzyme "protein methylase III". The Enzyme Commission has 
since given it the name S-adenosyl-methionine: protein lysine methyl- 
transferase (EC 2.1.1.25). The enzyme has been found in a number of 
tissues including frog liver, rat brain, .^iver, testis and kidney, 
Tetrahymena, calf lymphocyte^ and thymus,
(8,41,54-57).
Early methods of extraction of the enzyme included the use of 
high salt concentrations, large volumes of water and solubilization 
from acetone powders. The enzymes prepared by any of the above methods 
are extremely unstable. In 1977 Wallwork et al. (8) isolated the 
histone lysine methyltransferase from young rat brain chormatin by 
trepeated water extractions. They determined that the enzyme was bound 
to chromatin. With the use of soluble histones H3 and H4 as sub­
strates, the pH optima was 8.2 to 8.7 and 7.2 to 8.0, respectively.
The Km values of the enzyme for S-adenosyl-L-methionine are 11.5 + 1.1 
VM and 12.5 + 1.3 pM with histones H3 and H4 as methyl acceptors,
and Krebs 2 ascites cells
10
of the polypeptide chain (46 
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and developing trout
independently of the polypeptide chains
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e-N-lysine re
nuclei in 1970 (54). Paik and Kim
transferase (EC 2.1.1.25). The enzyme has
since given it the name S-adenisyl-methiorine: protein lysine methyl
tissues including frog liver, 
Tetrahymena, calf lymphocytes 
(8,41,54-57).
Early methods of extract
salt concentrations, large volumes of water and solubi
acetone powders. The enzymes 
extremely unstable. In 1977
the pH optima was 8.2 to 8.7 
values of the enzyme for S-adei}osyl-L-metl 
and 12.5 + 1.3 pM with histones H3 and H4
dnd thymus,
prepared by 
Dc^erre et al
lysine methyltransferase from young rat brain chormatin by repeated 
water extractions. They determined that the enzyme was bound to 
chromatin. With the use of soluble histores H3 and H4
arid 7.2 to 8.
testis (50). 
lysyl residues
s present ip rat kidney and
methyl groups from S- 
sidues of hilstones H3 and H4
The Enzymq Commission has
been found
rat brain, liver, testis and kidney,
in a number of
and Krebs 2 ascites cells
ion of the er.zyme included the use of high
lization from 
any of the above methods are 
(8) isolated the histone
ionine are 1
as substrates, 
0, respectively. The Km 
1.5 + 1.1 pM
as methyl acceptors,
11
respectively (44). S-Adenosyl 
the reaction, is a competiti
-L-homocysteine, one of 
:iVe inhibitor v|ith respect 
fcjt S-adenosyl-jL-homocystei 
pM and 5.9 + 0.5 pM with histjones H3 and h4 as methyl 
respectively.
methionine. The values
the products of 
to S-adenosyl-L- 
ne are 5.5 + 0.4 
acceptors,
MATER[ALS AND METHODS
aminoethyl ether)N,N'-tetraac 
(calf thymus), bovine serum albumin, catalase (bovine 
clease-A (bovine pancreas), pepsin (hog stomach mucosa 
nuclease, deoxyribonuclease I, 
nuclease II, Type 4 (porcine
The unlabled S- 
J. Duerre, University of 
Ammonium sulfate (ultra 
, Spring Valley, New York.
Chemicals
S-Adenosyl-L-[^H-methylJmethionine (7.0 Ci/mmol) was obtained 
from 1CN Chemical and Radioisotopes Division, Irvin, California. It 
was diluted to 1.0 Ci/mmol with unlabled S-adenosyl-L-methionine 
prepared by the method of Sclfilenk and De ^alma (58) . 
adenosyl-L-methionine was a iijft from Dr.
North Dakota, Grand Forks, North Dakota, 
pure) was obtained from Schwarz/Mann, Inc
Triton X-100, 2,5-diphenyloxazole (PPO) and 1,4-bis-2J(5-phenyl- 
oxazoly)-benzene (POPOP) weri obtained from Research Products Inter­
national Corporation, Mount Prospect, 111
obtained from Worthington Biochemical Corporation, Freehold, New 
Jersey. Sodium dodecyl sulfate, Bio-Gel P-10, Bio-Gel A-0.5 M, Bio- 
Gel A-1.5 M and Cellex D (diethylaminoethyl (DEAE)-cellulose) were 
obtained from Bio-Rad Laboratories, Richmond, California. Bacto-brom 
phenol blue was obtained from DIFCO Laboratories, Inc., Detroit, 
Michigan. Acrylamide, N-tris(hydroxymethyl)methyl glycine (Tricene), 
Napthol Blue Black, N,N' methylene-bis-acrylamide, N,N,N',N'-tetra- 
methylenediamine (TEMED), 2-mercaptoethanol, blue-dext^ran, phenyl 
methyl sulfonyl fluoride, dithiothreitol,
nois. Deoxyribonuclease was
sodium ethy^eneglycol-bis(B- 
epic acid (EGTA), deoxyribonucleic acid
liver), ribonu-
spleen), and
12
Type 1 (bovine pancreas
Sepharose 6B
) , micrococcal 
) , deoxyribo- 
-100 were
obtained from Sigma Chemical 
All other general chemic 
Scientific, Inc., Minneapolis 
Company, Phillipsburg, New Je 
Preparation of Rat Brain Hist'
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Company, St.
als were purchased from Curtin Matheson
Minnesota o 
rPey.
orjes HI, H2A,
Rat brain histones were 
Chakrabarty (7). Nuclei from 
mM potassium phosphate buffer 
DNA/ml). Chromatin was recov 
for 10 minutes and washed twi 
was washed with excess Folscb 
filtered on a course sintered 
matin was washed twice with methanol, twic
Louis, Missouri.
r J.T. Baker
prepared as o 
4-6 day-old
(pH 7.5)-l.0 
ered by centr 
ce with the s 
(chloroform: 
lass filter
utlined by Dlierre and 
rat brains were lysed in 10 
mM dithiothreitol (1.0 mg 
ifugation a 10,000 X g
histones wer
diluted to 1.0 mM HC1 with distilled water]. Concentra
acid (HC10^) was added dropwi
0.5 M. The solution was allowed to stand
with acetic acid, pH 3.0. The 
for 10 minutes with intermittarit stirring, 
at 27,000 X g for 10 min. The supernatant 
histones was decanted and the 
histones were pooled and prec 
acetone. After standing over: 
and the pellet washed once wi 
by centrifugation at 10,000 X 
a minimal volume of 10 mM HC1 
The histone fractions we 
as modified by Oliver et al.
tl} acetone, 
for 10 min
(59). Total
H2B, H3 and
Chemical
H4
ame buffer. The chromatin 
methanol (2:1, v/v) and 
with suction. The chro- 
e with acetone and twice 
e extracted With 0.4 M HC1
centrifugationfollowed by 
fluid containing the 
pellet extracted with 0.4 M HC1. The 
ipitated by the addition of 7 volumes of 
ni[ght the supernatant fluid was decanted 
The histones 
, air dried
were recovered 
and dissolved in
rd isolated using the procedure of Johns
histones (500 mg) were
ted perchloric
se with shaking to make the final solution
for 15 min, followed by
14
centrifugation at 12,000 X g for 5 min. ^he supernatant fluid con-
H2A, H2B, H3 and H4 was retained. To the
l^SO^ was added until a concentration of 0.2 M was reajched. Histone
HI was precipitated by the addition of 6 \ 
storage overnight at -14°C 
fugation at 12,000 X g for 1C 
histones were air dried and dissolved in a 
HC1.
Histone H2B was fractioriatjed from the 
follows: To remove any additional HI the p
0.5 M and allowed to stand for 15 min. Th 
by centrifugation at 12,000 X g for 5 min 
was discarded. This procedur
taining histone HI was decanted. The precipitate containing histones
supernatant 'fluid, 3.0 M
olumes of acetone and 
The precipitate was collected by centri- 
rjiin and wastjed once with' acetone. The 
minimal volume of 10 mM
initial precipitate as 
recipitate was dissolved in
1.0 mM HC1. Concentrated HCIO^ was added tjo a final cohcentration of
for 10 min. The supernatant
was washed with 50 ml of 0.5 M HCIO4 and centrifuged ajt 12,000 X g
allowed to stand for 10 min.
X g for 10 min and the supernatant fluid c
and H4 was saved. The precip 
and treated with 0.5 M HC10 
extracted an additional 5 tim 
HC1. The histone H2B precipi 
at 12,000 X g for 10 min and
e precipitate was collected 
and the supernatant fluid 
e was repeatejd 3 times. the precipitate
fluid was discarded and tpe precipitate
extracted with 60 ml of ethanol[-HCl, (a solution containing 10 ml 
concentrated HC1, 90 ml of watdr and 400 m|l of anhydrolis ethanol). 
After homogenizing with a Teflon-glass homogenizer, the solution was
The extract
itated H2B wa 
as described 
es with decre 
tate was wash 
dried in vacu
was centrifuged at 12,000 
ontaining histones H2A, H3 
s dissolved in 1.0 mM HC1 
above. The precipitate was 
asing amount^ of ethanol- 
ed with acetone, centrifuged 
a.
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3.0 M t^SO^ was added to the
Only the supernatant fluids, containing histones H2A, H3 and H4 
from the first three H2B extjrabts were polled. Prior to any further 
extractions, remaining trace^ of histone H2B were removed as follows:
pooled histones until a final concen- 
The histones were precipitated with 4 
stand oversight at 4°C, collected by 
fbr 5 min, wished once with acetone and
tration of 0.2 M was reached 
volumes of acetone, allowed ^o 
centrifugation at 12,000 X g
air dried. The histones were Extracted opce in a small volume of 
ethanol-HCl as described aboye. The precipitate was 4iscarded. 
Histones H2A, H3 and H4 were precipated from the supernatant fluid by 
the addition of H2S0^-acetone: As described above, except the precipi­
tate was dried in vacuo. Prior to the next step drying was essential, 
otherwise the presence of acestdne gives ah artificially high 230 nm
reading.
Histone H3 was extracted £rom the precipitate as 
precipitate was dissolved in 10-20 ml of pthanol-HCl.
at 230 nm of the solution wad iecorded and adjusted byl the addition of
follows: The 
The absorbance
ethanol-HCl to a reading of 6 (1.8 mg/ml)^ The soluti
against 7 volumes of anhydrous
The contents of the dialysis
ethanol fob 5 h with vi
bag were removed and cent
on was dialysed 
gorous stirring, 
rifuged at
12,000 X g for 5 min. The precipitate (histone H3) was washed once
rifugecj at 12,000 Xwith the supernatant fluid and cent 
Histone H3 was washed with acetone and ceptrifuged at 
for 5 min. Histone H3 was washed an additional 3 time 
and air dried. The supernatant fluid contjaining histo 
was dialysed overnight against 
cipitate formed was discarded.
7 volumes df 95% ethano
g for 5 min. 
12,000 X g 
s with acetone 
nes H2A and H4 
1. Any pre-
Histones p2A and H4 webe precipitated
with the addition of f^SO^-ac 
with acetone and air dried, 
and the protein concentration 
Histones H2A and H4 were: 
follows:
Bio-Gel P-10 (equal amounts c 
overnight in distilled water, 
and equilibrated with 500 ml 
proteins, 2.0 ml of 6.0 M ure 
proteins eluted with 10 mM HC 
15 mg) in 1.0 ml of 10 mM HC1 
proteins eluted with the same 
Fractions (6.5 ml) were colie 
The elution profile of protei 
sorbance at 230 nm (Fig. 2). 
and the protein recovered by 
The other histone fracti 
employing Bio-Gel P-10 chroma 
histones were dissolved in a 
of each histone fraction was 
acrylamide gel electrophoresi 
Preparation of Chromatin
Long-Evans rats were kil 
Their brains were removed anc) 
4°C. The tissue was weighed 
aliquot of tissue was placed 
and homogenized employing a
16
etone as desc 
The histones 
cjetermined.
fractionated on Bio-Gel P-10 columns as
f 100-200 and 
A column (1 
of 10 mM HC1.
was applie 
H  A sample 
Was applied 
solvent at 
cted with the 
n^ was determ 
Fractions u 
fFeeze-drying 
ons (HI, H2B 
tography. Af 
minimal amou: 
determined ue
led by decap 
placed in 0 
and divided i 
in 200 ml of 
Teflon-glass
ribed above,] washed once 
were dissolved in 10 mM HC1
300-4Q0 mesjh) was swollen 
.6 cm x 3.5 b) was packed
To remove any extraneous
d to the colubn and the 
of histones H2A and H4 (10- 
to the colui^d and the 
flow rate of 5.2 ml/h. 
aid of a fraction collector, 
ined by measuring the ab- 
ijder the peaks were pooled
and H3) were also purified 
ter f reeze-djrying, the 
lit of 10 mM HC1. The purity 
ing sodium dodecyl sulfate
ftation at 4-6 days of age.
32 M sucrose-1.0 mM Mg C ^  at 
fito 20 g alicuots. Each 
0.32 M sucrose-1.0 mM MgC^ 
type homogenizer for 10
Figure 2: A) El 
on Bio-Gel P-10 column (1. 
(15-18 mg) were applied to 
flow rate of 5.2 ml/h. Frac 
followed by reading the effl 
rat brain histones H2A-H4 on 
Rat brain histones H2A-H4 (1
ution profile 
cm x 3.5 m)
of total rat brain histones 
Total rat brain histones
the column, eluted with }.0 mM HC1 at a 
tions (6.5 til) were collected and 
uent at 230 nm. B) Elusion profile of 
Bio-Gel P-jLO column (1J 6 cm x 3.5 m) .
0-15 mg) wepe applied t<j> the column and
eluted as described above.
A
bs
or
ba
nc
e,
 2
3
0
nm
18
180 260  
Effluent, ml
3 4 0
strokes. The homogenate was
by centrifugation at 800 X g
purified by centrifugation at $0,000 X g for 60 min.
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filtered through 4 layers of cheese cloth
nuclei were 
The supernatant
fluid was decanted and the sidis of the tdbes were wiped clean. The
recovered by 
ant fluid was 
ume of the ss.i 
ashed with or
Rat brain chromatin cont 
30 ml of 50 mM Tricene (pH 7. 
methyl sulfonyl fluoride-1.0 
using a loose fitting Teflon 
tration was estimated spectro 
chromatin were solublized in 
genization (4-5 strokes). Th
as rapidly as possible to avpid loss of nuclei. Nucl4i were sedimented
for 10 min in a horizontal type centrifuge 
The supernatant fluid was removed with the aid of an Aspirator and 
discarded. The crude nuclei w^re placed in 0.32 M sucrose-1.0 mM 
MgCl2 (1 ml sucrose-MgC^/original g tissue) and homogenized 3-4 
strokes. To the suspended nuclei 2.5 M sucrose-1.0 mM M gC^ was added 
to give a final concentration if 1.63 M sucrose (1 volume 0.32 M 
sucrose/1.5 volumes 2.5 M sucjrcjjse) . After mixing, the
nuclei from several tubes were pooled and 
phosphate buffer, (pH 7.5)-l. 
g tissue). The chromatin was 
X g for 15 min. The supernat 
tate washed with one half voi 
was sedimented as above and v, 
buffer. The chromatin was sedimented as a 
until used.
Preparation of the DNA Containing Methylti
lysed with 1|0 mM potassium 
0 mM dithiothreitol (1 ml buffer/original 
centrifugation at 27,000 
decanted and the precipi- 
me buffer. The chromatin 
e fourth volume of the same
bove and sto
ansferases
aining about 
5)-1.0 mM dit
19.8 ml of 5
red at -90°C
100 mg DNA w^s suspended in 
hiothreitol-0.1 mM phenyl-
mM MgCl2 by homogenization (4-5 strokes) 
giass type homogenizer. The DNA concen-
phjotometrically. Samples (0.2 ml) of
M urea-2 M N^Cl by homo-
e 'samples werje read against a reagent
blank at 260 nm (A value of 
measuring DNA concentration 
comparing it to spectrophotolnejtric values
24 O.D. units/ mg DNA was obtained by 
oy using diphenylamine reagent and
Limited digestion of thb chromatin wjlth micrococctal nuclease was
carried out as follows: The
threitol, 1.0 mM MgC^ and 0
20
reaction mixture contained chromatin
0 mM dithio-(3.0 mg DNA/ml), 50 mM Tricenej-HCl buffer
5 mM phenylmethyl sulfon^l fluoride.
The reaction mixture was equilibrated to 37°C in a wat}er bath prior 
to the addition of CaCl2 (2.0 mM). Micrococcal nuclease was added 
with stirring (1.2/yg nuclease/ mg DNA) and the reaction mixture was
ith intermittent stirring.W]
Purification of the Histone I^yjine Methyltransferases
The DNA-methylase fragme 
Diaflo Apparatus using an YM-
protein/ml. The crude enzymes(were fractionated by gel filtration
employing Sepharose 6B-100 cl 
6B-100 having an exclusion li 
distilled water. A siliconiz
dithiothreitol-0.1 mM phenylmethyl sulfony
enzyme (60-90 mg protein) was
incubated for 30 min at 37°C
The reaction was terminated with the 
glycol-bis(3-aminoethyl ether 
concentration of 10 mM follow 
bath. The nucleosomes and pr 
centrifugation at 80,000 X g 
containing the DNA-methylase
(pH 7.5), 1.
addition of sodium ethylene- 
)|l,N,-tetraacetic acid, plH 7.14, to a 
ed by cooling to 4°C in an ice-water
otein aggregates were sed
for 60 min. The supernatant fluid
complex was recanted, and stored at 4°C.
r^imatography 
it of 4 x 1C
imented by
ntfs were concentrated with an Amicon
10 filter, tc approximately 20 mg
ed column (1.
resin and equilibrated with 500 ml of 50 nM Tricene (p)l 7.5)-1.0 mM
applied to t
as follows:
 ^ daltons wa
Sepharose 
s suspended in
7 x 170 cm) pas packed with
1 fluoride. The crude
he column and eluted with
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50 mM Tricene (pH 7.5)-1.0 mil dithiothreit
sulfonyl fluoride. Fractions:
a fraction collector. The elution profile: was followed spectrophoto-
metrically at 260 nm and 280 
were assayed for methylase adt^vity using 
as substrate.
Fractions containing methylase activity were pool 
sulfate was added to the pooled fractions 
(0.143 g ammonium sulfate/ml). The fraction was stirr
in a ice-water bath. The fraction was transferred to
6.8 ml) wer
mil. Aliquots
centrifuged at 28,000 X g for) 15 min. The supernatant{:
decanted and ammonium sulfate 
ammonium sulfate/ml). The so 
water bath and centrifuges as 
The precipitates from ea 
diluted in a minimal volume o 
threitol-0.1 mM phenylemethyl 
of each fraction were dialyze 
three changes. The fractions 
The ammonium sulfate fra 
volumes of 50 mM Tricene (pH 
phenylmethyl sulfonyl fluoridj 
proteins (16 mg) were applied 
(DEAE-cellulose) (1.0 x 20 c
ol-O.l mM phenylemethyl
e collected with the aid of
(0.1 ml) of the effluent
soluble rat brain histones
ed. Ammonium 
to effect 20% saturation
ed for 20 min 
tubes and 
fluid was
added to effect 45% saturation (0.107 g
lution was st 
^bove. 
ch of the abc 
f 50 mM Trice
ve centrifugation steps was 
ne (pH 7.5)-1.0 mM dithio-
Were assayed 
ction 20-45%
m), which had
brated with 100 ml of the same 'buffer. Th
a linear NaCl gradient formed 
7.5)-1.0 mM dithiothreitol-0
irred for 20 min in an ice-
sulfonyl fluoride. Aliquots (0.5 ml) 
d overnight against the same buffer with
for methylase activity.
against 20
by mixing 10 
6 M NaCl with
was dialyzed
7.|5)-1.0 mM dithiothreitol-0.1 mM 
overnight with three changes. The 
tjo a diethylaminoethyl-cellulose
been previously equili- 
e proteins wbre eluted with 
0; ml of 50 mji Tricene (pH 
100 ml of the same buffer
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minus the NaCl. Fractions werh collected
collector. The effluent was
reading fractions at 260 nm and 280 nm. Aliquots (1.0 ml) of the
effluent were dialyzed against 50 mM Tricene (pH 7.5)
threitol-0.1 mM phenylmethyl 
buffer change. This step is
inhibits the activity of both enzymes (60). The fract
ately and ammonium sulfate was added to ef
fallowed spedtrophotometr
essential to
methylase activity for histone :H3 and histone H4 were pooled separ-
with the aid of a fraction
ically by
1.0 mM dithio-
sqlfonyl flue ride overnight with one
remove the NaCl which
ions containing
stirring for 
28,000 X g fc 
ecipitate was 
1-0.1 mM phen
feet 50% saturation (0.357 
20 min the precipitate was 
r 15 min. The supernatant 
dissolved ih 50 mM Tricene 
ylmethyl sulponyl fluoride.
g ammonium sulfate/ml). After 
removed by centrifugation at 
fluid was decanted and the pr 
(pH 7.5)-1.0 mM dithiothreito 
The dissolved precipitates we 
overnight with three buffer c 
Enzyme Assay
The activity of the historie lysine mejthyltransferhses was
determined utilizing soluble rat brain histones as methyl acceptors
as previously described by Wallwork et al
contained 200 pg soluble rat 
xymethyDaminomethane buffer 
methionine (1.0 Ci/mmol) and 
individual histones were assa 
methyl)aminomethane buffer (p
tone H3 and 0.2 M Tricene buffer (pH 7.5)
4
re dialyzed a|gainst the spme buffer 
hanges.
brain total h 
(pH 8.0), 20 
enzyme in a f 
yed as substr 
H 8.7) was us
istones, 0.2 
pM S-adenosy
histone H4]. The reaction mixtures were placed in a water bath at 37°C
for 5 min and the reaction in
(61). The ^ssay mixtures
M Tris(hydro- 
1-L- [ %-methyl ] 
inal volume of 0.2 ml [when 
ates, 0.2 M Tris(hydroxy- 
ed with 30 pg rat brain his- 
was used with 65 pg rat brain
itiated by the addition of S-adenosyl-L-
23
[JH-methyl] methionine. At ^ero time, 0.025 ml of thej reaction mix­
ture was removed and placed on
paper in 200 ml of 1.1 M trichloroacetic acid (TCA) at
were removed at 3 min intervals. After th
been immersed in the hot TCA,
70 C. The hot TCA was decanted ' the papers
chromatography paper (2 cm^, Whatman
No. 3MM). The reaction was terminated by immersing thd chromatography
ngubated for 
1
fresh 1.1 M TCA at 70°C and i 
were washed three times with 
dried and placed in 10 ml of 
activity was determined using 
meter. Radioactivity associa 
from the other values before 
was expressed as pmol -^H-methyl incorporat 
Acrylamide Gel Electrophoresis
70°C. Samples
e final sample paper had
the papers ^ere incubated for 20 min at 
were immersed in 100 ml of 
5 min at 70°jC. The papers
1 M TCA, rinsed three times with acetone, 
Bray's counting fluid (Appendix). Radio- 
Packard liquid scintillation spectro- 
ted with endogenous controls was subtracted 
enzyme activity was determined. Activity 
ed/mg proteija/min at 37°C.
lectrophoresi 
g^ls contain 
, 0.385 M Tri
urn dodecyl su 
ddition of C
s was performed using the 
12.9% acrylajnide, 0.11%
Sodium dodecyl sulfate e 
method of Laemmli (62). The
N , N '-methylene-bis-acrylamide 
buffer (pH 8.8) and 0.1% sodi 
gels were polymerized by the 
tetramethylenediamine (TEMED) 
fate and allowed to stand for 
M Tris(hydroxymethyl)-aminome 
glycerol, 5% 2-mercaptoethano 
trode buffer contained 0.025
O. 192 M glycine and 0.1% sodi 
phoresis was carried out at lb°C with a current of 25 JnA until the
i  €
s(hydroxymethyl)aminomethane 
lfate (Na Dod S0^). The 
.034% by volume of N,N,N',N'- 
and 0.034% by volume of hmmonium persul- 
)0 min. Th^ sample buffer contained 0.025 
ttjane (pH 6.^), 2.0% Na Dod SO,, 10%
1 i 4
1 and 0.001%
M
bromophenol blue. The elec-
Tris(hydroxymethyl)aminbmethane(pH 8.4), 
uni dodecyl sulfate. Slab gel electro-
tracking dye, bromophenol blue,
gels were fixed with 40% ethanol in 5% ace
staining. The proteins were 
with 0.1% Coomassie brilliant 
(5:1:5, v/v/v). The gels wer 
(1:1.5:17.5, v/v/v).
Gel electrophoresis of h 
the method of Panyim and Chal 
and C) were prepared and when 
5.0 M urea at a final pH of 3
24
reached the bottom of the gel. The
tic acid for
sfained for 9 
b|lue in meth 
destained i
istones (acid 
key (63). Th 
qsed gave a 
.2
prior to use and were warmed 
ratio of A to B to C was 2:1: 
polymerize for 60-90 min. Ele 
ature in a standard vertical gel system, u
and 12 cm in length. The electrode buffer
gels were subjected to pre-el
60 min prior to
0 min at room temperature 
anol/acetic ^cid/water 
n methanol/a^etic acid/water
-urea) was performed using
ree separate
A contained
A and B were
rature befor^ mixing. The
5 respectively. The gels
ztrophoresis was performed at room temper-
ectrophoresis
remove charged particles. The histones (20-50 pg) were; dissolved in
0.9 N acetic acid. To the dissolved histo 
tracking dye was add (0.1% sarrLnin in 7% 
w/v) and the solution applied to the gel. 
The system was run at 2 mA/7.5 cm gel
between 80-120 V (depending on the urea concentration)
solutions (A,B
12% polyacrylamide gel in
48% acrylamideSolution
(w/v) and 0.4% N,N'-methylene-bis-acrylamiie (w/v) in distilled water. 
Solution B contained 43.2% glacial acetic acid (v/v) and 4% TEMED in 
distilled water. Solution C contained 0.2% 
in 10 M urea, made fresh daily. Solution
to room tempel
ammonium persulfate (w/v)
nes an equal
stored at 0°C
were allowed to
sing tubes 0J6 cm in diameter 
was 0.9 N aietic acid. All 
, for about tpwo hours, to
volume of the
acetic acid plus 50% sucrose
with a voltage range
was stopped after the tracking dye had traveled the lerjgth of the
The system
25
ophoresis of 
e separatere
gels. The gels were removed 
Standard disc gel elect^ 
the method of Davis (64) . Th 
prepared and when used gave a 
9.5. Solution A contained 48 
36.3% Tris (hydroxymethyl)aminomethane (w/ 
Solution B contained 30% acrylamide (w/v)
acrylamide (w/v), 0.015% potassium ferricyanide (w/v) in distilled
water. Solution C contained
tilled water, made fresh daily. Solution
prior to use and were warmed
ffixed and stained as described above.
proteins was performed using 
solutions (A, B. and C) were
7.5% polyacrylamide gel at a final pH of 
% 1 M HC1 (vyfv), 0.46% TEMED (v/v) and 
v) in distilled water.
0.8% N,N'-methylene-bis-
0.14% ammonium persulfate (w/v) in dis-
A and B were stored at 4°C
to room temperature before mixing. 
Solutions A and B and distilled watejj’ were mixed to a ratio of 
1:2:1 respectively. An equal quantity of 
solution C and a partial vacuum was pullec 
mixture was placed into columns 0.6 cm in 
length and allowed to polymerize for 60-90 
performed at room temperature in a standar 
electrode buffer contained 5() mM Tris(hydi 
buffer and 0.38 M glycine.
Tracking dye (0.1% safr^nin in 7% acetic acid and| 50% sucrose 
w/v) was added to an equal vqlume of the protein solution (10 to 100 
yg protein in 8 M urea) and applied to thq gels. The system was run 
at 5 mA/7.5 cm gel. The system was stopped after the tracking dye had
traveled the length of the g^l. The gels
columns and placed in the fixative-stain solution (1%
the gels destained with 7.5%
Black in 7% acetic acid). Aijter 1 h the qxcess dye wa;s removed and
the above w^s mix with 
on the mixture. The gel 
diameter and 12 cm in 
min. Electrophoresis was 
d vertical ^el system. The 
oxyme t hy 1) aiflinome thane
were removed from the glass
Naphthol Blue
acetic acid.
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Molecular Weight Determlnatl
21
Bio-Gel A-1.5 M (200-40 3 n^esh) which 
10,000-1,500,000 molecular w 
water. The resin was packed 
and equilibrated with 500 ml 
threitol-0.1 mM phenylmethyl
4
sylfonyl fluoride. Standard proteins
(3.0 mg) of known molecular weights were applied to the column and
at a flow ra
is capable of separating 
ght proteinh was diluted with distilled 
into a siliconized column (1.0 x 170 cm) 
of 50 mM Tricene (pH 7.5)-1.0 mM dithio-
:e of 1.6 ml
^ding fractions of the effluent spectro-
B]Lo-Gel A-1.5 M column 
fer at a fl<j>w rate of 5
elution profile followed
and the process repeated thre
vacuum and placed in a oil batt} at 110 + 1°C for 22 hours.
HC1 was removed from the histone hydr
eluted with the same buffer, 
profile was determined by re 
photometrically at 280 nm (F:_g. 3).
The enzymes from the 20--4f)% ammonium 
protein) were applied to the 
were eluted with the above btjif 
tions were collected and the 
metrically by reading the effluent at 260 
fractions were assayed for enzjme activity.
Basic Amino Acid Analysis
Quantitative analysis of the basic anjiino acids of 
was performed with the aid of a Technicon 
The samples were prepared for 
H4 samples were made 6 N with 
bottom flask. The samples wer 
an alcohol dry-ice bath. The
h. The elution
sulfate fractionation (23 mg 
The proteins 
7 ml/h. Frac- 
spectrophoto-
nm and 280 nm. The effluent
sis cliydroly
respect to FC1 in a 10 ml indented round
e I shell froze 
lasks were
and flushed with nitrogen whilq under vacuum. The samples were thawed
the histones
automatic anjino acid analyzer, 
s follows: Histone H3 and
n by rotating the flasks in
connected to a vacuum pump
e times. The! flasks were sealed under
olysate as follows: Samples
Figure 3: Elutip 
markers on Bio-Gel A-1.5 M 
were applied to the column 
1.0 mM dithiothreitol-0.1 fiM
n profile of 
(1.0 x 170 c 
nd eluted w
standard molecular weight 
n) . Protein'markers (3.0 mg) 
Lth 50 mM Tricene (pH 7.5)- 
phenylmethVl sulfonyl fluoride, at a
flow rate of 1.6 ml/h.
E
ffluent, m
l
Absorbance (280nm)
Methyltransferase (u n its /m l-----)
2Z
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process repeated three times
dried hydrolysates were dissolved in 0.3
buffer, pH 2.2. Samples were 
Beckman PA-35 resin which hap 
sodium citrate buffer, pH 5.
by the addition and removal of water. The
Til of 0.2 M podium citrate 
a column (0.8 x 40 cm) of 
been equilibrated with 0.35 M
applied to 
previously 
82. Amino acids were eluted from the
column by 0.35 M sodium citrate buffer, pi 5.82, at 2p C under 250
psi. The effluent from the column was div
ing through
ions were co
with half of the effluent pass 
other half was collected with 
minute fractions were collec 
after which five minute frac 
diverted to the fraction coljLe 
lected through histidine, fo|_lo 
the elution of arginine.
Scintillation spectrometrV was used 
of the ^H-methyl groups in the
Lded with a Stream splitter 
the auto anilyzer, while the
ictor. Five
the aid of a fraction collector. Ten- 
ed until lysine started to be eluted,
Llected and ^11 the effluent 
minute fractions were col-
wed by twenty minute fractions through
to determine the distribution
basic amin<j> acid residues. This was
the fractions collected inaccomplished by counting 1 mi ^liquots of 
Bray's counting fluid (Appendix) in a Packard Tri-cart} Model scintil­
lation spectrometer.
The elution profile of i Standard amino acid sample containing 
1.0 ymol arginine, 0.5 ymol eaih of lysine, monomethyllysine and 
histidine and 0.2 ymol each of dimethyllysine and trinjethyllysine are 
shown in Fig. 4.
Determination of Protein
The method of Lowry et a.l 
concentrations. Samples containing 10 to 
analyzed using a Technicon Auto Analyzer.
(65) was used to determine the protein 
180 yg of prjotein were 
A standard curve was
30
prepared using bovine serum albumin and w^s found to be linear between
glof bovine ^erum albumi
"
per ml (Fig.concentrations of 10 to 180 \
5).
Determination of DNA
The method of Burton (6b) was used f<j>r the determination of DNA. 
Ten volumes of 1.0 N perchloric acid was added to the chromatin. The 
chromatin was hydrolysed at 70(?C for 20 min, the hydrolysate was 
clarified by centrifugation at 755 X g for 20 min. The supernatant 
fluid (containing the DNA) was decanted and DNA concentration deter­
mined with diphenylamine. Samples containing 10 to lpO mg of DNA were 
made up to 1.0 ml with a final concentration of 0.5 N
Two ml of diaphenylamine rea
mixed. The solutions were iricpbated at 3Q°C for 16 h.
incubation, absorbance was measured at 60(jl nm in a Beckman 25 spectro­
photometer. A standard curv^ was prepare^ from calf thymus DNA (Fig. 
6).
perchloric acid.
ent (Appendix) were added, and the solution
Following
Figure 4: Elution profile of a 
containing 1.0 pmol arginine, 0-5 ymol ea 
monomethyllysine, and 0.2 pmpl each of di 
lysine from a column (0.8 x pO cm) of Bee 
acids were eluted with 0.35 H sodium citr 
The flow rate was 26.0 ml/h. The column 
half passing through a Technicon automati 
remaining half was collected with the aid
standard ami 
ch of lysine 
methyllysine 
kman PA-35 r 
ate buffer, 
effluent was 
c amino acid 
of a fractid
no acid sample 
, histidine and 
and trimethyl- 
^sin. The amino 
pH 5.82 at 26°C. 
divided, one 
analyzer and the 
n collector (10
min fractions).
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E
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e
n
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Figure 5: Standard referenc^ curve for the determination of 
protein concentration, us^ng bovine seifum albumin.
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RESULTS
The histone lysine methjyltransferase|s are bound to chromatin
(Table 1). The enzyme(s) ca
in methylase activity. Thes< 
nucleosome particles or with
soluble fraction. However, 
extremely unstable and remoV 
complete loss of activity.
Exhaustive digestion of 
DNA, (Fig. 7) with little or 
fraction. Nor was there any
ed by limited digestion of 
7) . Maximuii solublization
n ibe solublizp
chromatin with micrococcal nuclease (Fig.
of the enzyme(s) occured after) 12-16% digestion. If digestion was 
continued a decrease in soluble protein occured with a concurrent loss
e proteins apparently aggregate with the 
one another.
treated with 0.4 M NaCl, met|hylase activity can be recovered in the
tHe enzyme(s)
(nucleosome) (Fig. 8). The
If the aggregates were
dissociated with salt was
al of the salt by dialysis results in
romatin solublized 45% of the 
recoverable in the soluble 
methylase recovered upon
rat brain cl 
no methylase 
significant
sodium chloride treatment of the particulate fraction!. Gel filtration 
of this fraction on Sepharose 4B-200 revealed a limit digest particle
particle consisted of 30% DNA, equal 
amounts of histones H2A, H2H, H3 and H4 and traces of non-histones 
chromosomal proteins, but nc|> histone lysine methyltransferase. The 
composition of the nucleosoi|ie^ from rat brain is similar to that 
reported for liver by Thoma «rt al. (2) .
The soluble fraction fjrom a 12-16% nuclease digest of chromatin 
was subjected to chromotograpfry on Sepharose 6B-100 (Fig. 9A). The 
molecular weight of the enzyme(s) was determined to be approximately 2
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CELLULAR DISTRIBUTION OF T'IE HISTONE LYSINE METHYLTRANSFERASES
TABLE 1
Fraction pmol [^H-methyl]/mg/mih^
H3 H4
Cytoplasmx
Mitochondria^
Microsomes-*-
Nucleoplasm-*-
OChromatin^
0 
0 
0 
0
10.5
0 
0 
0 
0 
5.3
xThe reaction mixture 
20 yM S-adenosyl-[ H-methyl] 
tone and 1-2 mg protein.
2Assayed against chrome 
3Endogenous activity ha
contained 0.2 
-methionine,
M Tris-HCl b 
0.2 mg rat b
uffer (pH 8.0), 
rain total his-
somal bound h 
s been subtra
istones. 
cted out.
Figure 7: Microcc ccfal nuclease digestion of chromatin from
4-6-day old rat brains. Th^ reaction mixture contained chromatin (3.0
mM CaCl2, 0.5 mM phenylmethyl sulfonyl
5), 1.0 mM dithiothreitol and
mg DNA/ml), 1.0 mM MgC^, 2 
fluoride, 50 mM Tricene-HCl
varying concentrations of mi.crococcal nuilease. The
was incubated for 30 min at
glycol-bis(B-aminoethyl ether
sedimented by centrifugation at 120,000
tant fluid containing the h:jLs 
was assayed for enzyme activi 
substrates as indicated in
buffer (pH 7
reaction mixture
3i7° C after irtiich time scjdium ethylene- 
N,N'-tetraacetic acid (pH 7.1) was added 
to stop the reaction. The iliucleosomes and protein aggregates were
in. The superna-
tone lysine methyltrans^erase-DNA complex
brain histones as
39
ty utilizing soluble rat 
'Materials and Methods".
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sulfonyl fluoride. After
nucleosomes and proteins 
rate of 7.8 ml/h. Fracti 
collector. Aliquots (1.0 
Tricene-HCl buffer (pH 7. 
sulfonyl fluoride. Aliqu 
assayed for methylase act 
assays were carried out a
Figure 8: Fractibnation of ljiucleosomes liy gel filtration. A 
fraction of the nucleosomal pellet from a 45% nuclease digestion of rat 
brain chromatin was disso}.vhd in 0.6 M NaCl-1.0 mM 
glycol-bis (8-aminoethyl ether)N,N'-te:raacetic ac
phosphate buffer (pH 7.5) -0!. 5 mM dithiothreitol-O. ]. mM phenylmethyl
:Lcentrifugation at 34,800
fluid was loaded upon a Sepharose 4B-230 column (1i 2 x 100 cm). The
5)
Dts (0.1 ml) of the dialysed fractions were 
ivity using snluble histohes as substrates. The 
described under "Materials and Methods".
sodium ethylene- 
d-5.0 mM sodium
X g, the supernatant
were eluted w 
ons were coll 
ml) were dia 
-1.0 mM dit
Lth the above buffer at a flow 
2cted with the aid of a fraction 
Lyzed overnight against 50 mM 
iiothreitol-6.1 mM phenylmethyl
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Figure 9: Fraction. 
ferase(s) by gel filtration 
tein) obtained from 4-6-day 
M NaCl (B) or 16% micrococca 
Sepharose 6B-100 column (2 
HC1 buffer (pH 7.5)-1.0 mM 
fonyl fluoride at a flow ra 
effluent were assayed for m 
total histones as substrate
di
te
old rat braip chromatin 
nuclease digestion (A) 
170 cm) and eluted with 
thiothreitol-0.1 mM
ation of th^ histone ly£ 
The crude bnzyme fracti
of 11.0 ml/h. Aliquot 
t}hylase activity using s
phen
ine methyltrans- 
on (50 mg pro- 
vith either 0.4 
was applied to a 
50 mM Tricene- 
ylmethyl sul- 
s (0.1 ml) of the 
oluble rat brain
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x 10^ daltons (Fig. 9A) . Sim 
zyme(s) were extract from rat
Liar results were obtained when the
The fractions under the peaks were assayed against soluble his-
H3 lysine me^hyltransfer^se elutedtones H3 and H4. The histone 
earlier than histone H4 methyfLt 
under peak 2 contained activi 
under peak 3 contained activi 
indicated that there are two distinct enzy 
histone H3 and the other specific for hist 
tions were found to contain 10-15% DNA.
revealed that the fractions c
45
brain chromatin by 0.4 M
en-
NaCl (Fig. 9B)
ransferase 
tyl against hi 
ty against bo
stone H3, whjLle fractions
th histones H3 and H4. This
Ties, one specific for
one H4. Bot|r enzyme frac-
Electrophoresis on sodium dodecyl sulfate polyacrylamide gels
proteins (Fig. 11). The molecular weights
about 10,000 to 205,000 dalto
the range of 30,000 to 100,000jdaltons. The exact molecular weight of
the DNA fragments has not bee 
than 10,000 daltons since the 
(exclusion limit 10,000).
From these data we concluded that the
ferases are associated with protein DNA-ccmplexes.
If the DNA associated witp the comple 
digestion with deoxyribonucle 
the digestion proceeded a cor current incre 
was observed. No trace of me:thylase activ 
M NaCl treatment of the aggregates. No lo 
aggregation of proteins was observed when 
with ribonuclease-A. This indicated that
optained 20-30 non-histone chromosomal
ns, with the
of the proteins ranged from 
majority of !the proteins in
n determined, 
y pass throug
(Fig. 10). the fractions
:
However, they are less 
h a Amicon YM-10 membrane
histone lysine methyltrans-
x was removed by complete 
a^e I all metjhylase activity was lost. As 
ase in protean aggregation 
ity was foudd following 0.4 
ss of enzyme activity or 
the fragments were treated
the histone lysine methyl-
the histone 
column chro
(Amicon YM-10) fraction
Figure 10: Gel filtration of 
transferases, employing Sepharose 6B-10p 
160 cm). The concentrated 
tein) from the micrococcal (nijiclease dig 
Sepharose 6B-100 column which had been 
50 mM Tricene-HCl buffer (pH 
methyl sulfonyl fluoride 
buffer at a flow rate of 1<J.2 ml/h.
Fractions were collected with the 
Aloquots (0.1 ml) were assayed for the 
ferases using soluble histones H3 and 
assays were carried out as {described uni
7.5)-l. 0 inty 
The proteins
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^stion was a 
previously e 
dithiothrei 
were eluted
c.id of a frac 
histone lysin 
as methyl 
4er "Materia
lysine methyl- 
matography (1.7 x 
^76 mg enzyme pro- 
pplied to the 
quilibrated with 
tol-0.1 mM phenyl- 
with the same
tion collector, 
e methyltrans- 
^cceptors. The 
and Methods".Is
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Figure 11: Sodiunf 
trophoresis of proteins und 
chromatography. After fract 
methylase-DNA fraction on S 
the methylase peak were cone 
and subjected to polyacrylam 
sodium dodecyl sulfate as d 
1 contains 84 Pg enzyme pro
dodecyl sulf 
r the methylc. 
ionation of 
epharose 6B-1 
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ide gel elect 
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se peak from 
the nuclease 
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Myosin
£ -  Galilactosidase (116,000) 
Phosphorylase /3 (9 7 ,4 0 0 )
Bovine Albumin (6 6 ,0 0 0 )
Egg Albumin (4 5 ,0 0 0 )
Carboni
(205,000)
Anhydrase (2 9 ,0 0 0 )
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transferase(s) requires DNA
If the protein DNA complexes were bo 
non-histone proteins could be selectively 
(Fig. 12). Methyltransferase Activity wa 
peaks. Similar results were
for activatioin and/or stability.
und to DEAE-tellulose the
histone H4 methyltransferase
which of the components are
obtained whe
ferases were treated as abovh (Fig. 13).
As determined from polyacrylamide gel electrophoresis the his­
tone H3 lysine methyltransferase fraction 
major components and two min^r components
eluted with!sodium chloride 
found undet two separate 
i salt extracted methyltrans-
(lane 3) consists of two 
(Fig. 14), Whereas the
fraction (lane 2) consists of one major
component and a number of minor components. We have not established
the methyltransferase enzymes.
Properties of the Histone Methyltransfera!ses
The substrate specificity of the two
against several possible methyl acceptor proteins. The histone H3
lysine methyltransferase was 
traces of activity with hist^n^ HI (Table 
transferase was specific for 
activity with histones HI anc
specific for
enzymes was determined
soluble histone H3, with
enzyme was obtained with protamine sulfat^, gelatin, cytochrome c,
poly(L-arginine), poly(L-lysi 
When the histone H3 lysi 
was incubated with soluble hi 
methylated. The molar ratio 
1.0:2.1:1.0 (Table 3). This
ne) or y-glotulin. 
ne methyltrarisferase from 
st|one H3 only the lysyl r
obtained jin vito by Duerre and Chakrabarty
lysine methyltransferase was
2). The histone H4 methyl- 
sbluble histbne H4, with traces of 
H2A. No significant activity of either
of mono- to d 
ratio is quit
l- to trimet 
e similar to
iricubated wit
DEAE-cellulose 
esidues were 
hyllsine was 
that which was
(7). When histone H3 
h Folsch treated chromatin
Figure 12: Fractionation of the histone lysine methyltrans- 
ferase(s) (nuclease extracted) using DEAF-cellulose qhromatography.
The ammonium sulfate fraction (16 mg) was
cm) which had previously be4n equilibrat4d with 50 mM
buffer (pH 7.5)-1.0 mM dithiothreitol-O. 
fluoride. The proteins were eluted with 
above buffer. Fractions weie collected w
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applied to a column (1 x 20 
Tricene-HCl
a linear Nad 
ith the aid
collector. Aliquots (1.0 ml) were dialyzed to remove
the enzyme activity assayed 
employing soluble rat brain
as outlined i
histones H3 and H4 as met
n "Materials
3) mM phenylmethyl sulfonyl
1 gradient in the 
of a fraction 
the NaCl and 
and Methods", 
lyl acceptors.
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ferase(s) (0.4 M NaCl extracted) on DEAE
fate fraction (16 mg proteid)
Figure 13: Fractionation of the histone iy
-cellulose.
was applied to a colump (1 x 20 cm) and
the various peakseluted with a linear NaCl gradient. Fractions under 
were dialyzed to remove NaCl and enzyme activity assayed employing 
soluble rat brain histones H3
sine methyltrans- 
The ammonium sul-
and H4.
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M
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(-
Figure 14: Polyacrylamide gel
and H4 lysine methyltransferases after fractionation
Electrophoresis was carried |out as outlined in "Materials and Methods"
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electrophore
indicated standards. Lane 2 contains 92Lane 1 contains 20 yg of eacjh 
yg of the histone H4 methyltjransferase fiaction. Lane 3 contains 56
yg of the histone H3 lysine |mdthyltransfe rase fractio
sis of histone H3 
on DEAE-cellulose.
n.
56
Deoxyribonuclease n
Bovine albumin
Catalase
1 2  3
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ACTIVITY OF RAT BRAIN
SOLUBLE RAT BRA
TABLE 2
HISTONE METHYL' 
IN HISTONES
TRANSFERASES, AGAINST 
S SUBSTRATES
Concentration 
Substrates mg/ml
Act
pmol[^H
ivity 
methyl]/mg/min
Histone H 
methyltrans
3 H
ferase met
Lstone H4 
lyltransferase
HI
H2A
H2B
H3
H4
Total
0.20
0.20
0.20
0.03
0.07
0.20
4
0
0
105
0
192
2
2
0
0
38
20
contained 7.5 
of histone 
onation of
H4
tta
The reaction mixtures 
methyltransferase or 28.6 yg 
0-50% ammonium sulfate fract 
from the DEAE-cellulose column! 20 yM S-acf 
0.2 M Tris-HCl buffer (pH 8. 
final volume of 0.2 ml. The 
"Materials and Methods".
0) and substrgi 
aisay was pe
g of histone H3 lysine 
methyltransferase from a 
e methyltraijsferase fractions 
enosyl-L- [ Jlj-methyl ] methionine, 
tes listed in the table in a 
^formed as outlined in
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TABLE 3
GROUPS IN BA^IC AMINO ACID RESIDUES FROM 
CUND HISTONES INCUBATED WlfTH PARTIALLY 
lRIFIED ENZYME
pmol p H -methyl]/mol; histone
Chromatin Soluble
Amino Acid H31 H42 H33 H4
e-N-Monomethyllysine 227 4 750 0
e-N-Dimethyllysine 120 0 1,564 0
e-N-Trimethyllysine 90 0 727 0
1-Methy1-histidine 0 0 0 0
,NG-Dimethy1-arginine 0 0 0 0
r  Q
N ,N' -Dimethyl-arginine 0 4 0 77
th.j
The histone H3 lysine 
bated for 60 min at 37° C wi 
chromatin (12 mg DNA/60 mg c 
S-adenosyl-L-[3H-methyl]me 
The reaction was terminated 
1.1 M and chilling to 4° C. 
gation at 27,750 X g for 15 
washed 3 times with 1.1 M tr 
tilled water. The histones 
analyzed as outlined under
iiethyltransferase (120 unj.ts) was incu- 
:h Folsch treated 4-6-day old rat brain 
hromatin) in the presence;of 20 pM 
opine and 50 mM Tris-HCl buffer (pH 8.0).
the addition of trichloracetic acid to 
The chromatin was subjected to centrifu- 
nin. The precipitate (chfomatin) was 
chloroacetic acid and 3 times with dis- 
Weire extracted and the basic amino acids 
Materials and Methods".
>y
zThe histone H4 methyltr 
Folsch treated chromatin as
ri'The histone H3 lysine 
for 60 min at 37° C with sol 
of 20 pM S-adenosyl-L-[-^ H-me 
(pH 8.5). The reaction was 
acetic acid to 1.1 M and chi 
to centrifugation at 27,750 ) 
was washed 3 times with 1.1 
placed in 6 N HC1 and the ba 
"Materials and Methods".
ahsferase (133 units) was incubated with 
utlined above.
dble
t erminated by 
]ling to 4° C
et^hyltransfeij-ase (15 unitjs) was incubated 
e histone H3 (410 pg) i|n the presence 
t|hyl]methionir e and 50 mM ;Tris-HCl buffer 
the addition of trichloro- 
The mixture was subjected 
^ for 15 miri. The precipitate (histones) 
Crichloroac4tic acid. The histones were 
s analyzed a!s outlined under£ ic amino acid
^The histone H4 methyltr 
soluble histone H4 (415 pg) 
HC1 buffer (pH 7.5) was used
ansferase (16 
s outlined ab 
instead of th
units) was incubated with 
ove, except 50 mM Tricene—  
e Tris-HCl buffer.
similar results were obtained, however there was a shift towards 
the under methylated forms of lysine. The molar ratio of mono- to di- 
to trimethyllsine was 1.9:1 0:0.75. When Duerre et al. (44) incubated 
native chromatin with S-adenosyl methionine they also found a similar
shift in the molar ratio of 
0.93:1.0:0.17.
When the histone H4 me 
incubated with soluble hist 
obtained (Table 3). It wou
methyltransferase. When this enzyme was
chromatin no significant inc 
any of the basic amino acid 
When the crude enzyme 
H4 the arginyl residues were 
observed (Table 4). When th
mono- to di- to trimethyllysine,
t hyltransferasle from DEAE-cellulose was
cne H4 only N1 
Id appear that
orporation of
,N'^-dimethyl-arginine was
lated a arginine 
th Folsch treated
methylated a 
2 crude enzym
Folsch treated chromatin only lysyl resid
would suggest that the crude enzyme fract
specific for histone H4 lysyL residues 
methylation of arginyl resid 
The possibility that so . 
their incorporation into the 
or partially purified histonA 
H4 arginine methyltransferase 
from a limit digest, no meth 
observed. However, when sole 
chromatin rich in histone met 
soluble histones was observer
an
we have iso 
incubated wi
methyl groups was found in
residues.
fraction was incubated witji soluble histone 
ad lysyl methylation also was 
e fraction wps incubated with 
ues were methylated. This 
Lon contains|two enzymes, one 
i the other sspecific for the 
aes in solubl^ histone H4  ^
uble histones are methylated prior to 
nucleosome wAs investigated. When crude 
H3 lysine methyltransferase or histone 
was incubatid with nuclbosomes prepared 
lation of basic amino acijd residues was 
ble histones were incubat
hyltransferases no methyl
(Fig. 15, tcp). It was
ed with native 
ation of the 
found that a
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TABLE 4
ROUPS IN BASIC AMINO ACID RESIDUES FROM 
HISTONES INfcUBATED WITH CRUDE ENZYME
ptnol [3H-methyl] groups/ijiol histone
Chromatin3-"
Amino Acid H3 H4 H3
Soluble^- 
H4
e-N-Monomethyllysine 
e-N-Dimethyllysine 
e-N-Trimethyllysine 
1-Methyl-histidine 
NG,NG-Dimethyl-arginine 
NG ,N 'G-Dimethy1-arginine
320 
.60 
45 
0 
0 
0
35
60
0
0
0
0
10,020
18,794
2,275
0
1,335
480
275
325
90
500
12,410
4,245
xhe crude histone meth 
90 min at 37° C with Folsch 
(7.5 mg DNA) in the presence 
methionine, 0.1 M Tris-HCl 
minated by the addition of 
concentration of 10 mM and 
three times by repeated cen 
phosphate buffer (pH 7.6). 
amino acids analyzed as outl
l^ransferase (11 units) was incubated for 
reated 12-day old rat br^in chromatin 
of 20 pM S-aclenosyl-L-[3H-methyl]- 
bi^ffer (pH 8.0} . The reaction was ter- 
adenosyl-L-homocysteine t|o a final 
chilling to 0° C. The chromatin was washed 
trifugation (27,750 X g) in 20 mM potassium 
r'he histones were extracted and the basic 
:.n&d under "Materials and Methods".
Soluble histones H3 
37° C in the presence of 20 
M Tris-HCl buffer (pH 8.0) 
transferase, respectively, 
enzyme complex dissociated 
to a final concentration of 
DEAE-cellulose as outlined 
hydrolyzed and the basic am 
and Methods".
w.
and H4 (1.5 mg) 
l M S-adenosyl 
ai d 90 and 30 
Yhi reaction 
b) adjusting th 
L 0 M .  The hi 
b> Duerre and 
iqo acids analy
were incubated for 90 min atOL-[->H-methyl]methionine, 0.2 
i^ nits of crude histone methyl- 
as terminated and the histone- 
e pH to 9.7 land adding urea 
stones were purified on 
Oaitonde (67). They were 
zed as outlined under "Materials
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Figure 15: Methplation of fr
chromosomal bound histone
ee and bound
metthyltransferases. Newborn Long-Evans
O
rat pups were given 5.0 pCL [JH]lysine/g body weight}: by intraperito-
neal injection. On day 11 bn additional
weight was administered by
pups was incubated with 4.
adenosyl-L-[■'■^C-methyl]methionine and 50 mM Tris-HCl
thele same route. The aniijials were killed 
by decapitation on day 14 hnd the histories extracted as outlined in 
"Materials and Methods".
histones by
5.0 pCi [3H lysine/g body
Native rat brain chronatin (12 mg UNA) from 6 to 8-day old
Ify p i
at 37° C for 60 min. The xeiction was terminated by chilling to 0° C
rat
mg of the [''H-lysyl] hidtones, 20 pM S-
in an alcohol-solid CO2 bat 
centrifugation at 27,750 X 
histones) was decanted, fre
acetic acid (pH 3.0), followed by centrifugation as
supernatant fluid (loosely 
The firmly bound histones
h. The react 
g for 15 min. 
ction 1. The
bound histone
(puc
the precipitate with 0.4 M !HC1, fraction 3. The histones from frac­
tions 1,2 and 3 were preciplitjated by the 
acetone and stored overnight at 4° C, fo 
acetone. The histones were 
Bio-Gel P-10 chromotography
buffer (pH 7.6)
ion mixture Was subjected to
atant fluid (freeThe supern
chromatin was washed with
s) was decan
cleosome associated) we
above. The 
ted, fraction 2. 
re extracted from
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considerable amount of the added histones; particularly histones H3 and
H4 bound to the chromatin.
the nucleosomes and could bd readily resc
These histones were not associated with
(pH 3.0). Furthermore, thes 
significant degree (Fig. 15, 
ated histones H3 and H4 were
e histones we 
middle). In 
feadily meth
The histone H3 lysine ralethyltransfer
chromatography. With histone 
60% of the activity was lost 
50 mM Tricene-HCl (pH 7.5)-l
lved with dilute acetic acid
re not methylated to any
contrast nucleosomal associ- 
ylated (Fig. 15, bottom), 
bse and the histone H4
arginine methyltransferase are quite labile after DEA^-cellulose
thyltransferjise between 50 and 
30-90% was lost after 72 h in
H3 lysine me 
in 24 h and
L^0 mM dithiotjrreitol-0.1 i|nM phenylmethyl 
sulfonyl fluoride. Histone ^4 methyltransferase was somewhat more 
stable, retaining between 40-5f3% of its' original activity up to 72 h. 
Attempts were made to stabilize the enzymes with sheared calf thymus
I
DNA (Fig. 16). This resultediin non-specific binding c|f the enzymes to 
the DNA and subsequent loss of methyltransferase actiyity.
The pH optimum for histone H3 lysine
soluble rat brain histone H3 
tion from pH 8.2 to 8.7 (Fig
H4 methyltransferase with soluble histone
as substrate 
17, bottom).
was 7.5 with little variatior 
These results are similar to 
with their water extracted hi 
Effects of Polyamines and Cat
from pH 7.3 
those obtaine 
stone lysine 
ions
methyltransferase with 
was 8.5 witt} little varia- 
The pH optimum for histone 
H4 as the methyl acceptor 
to 7.8 (Fig. 17, top), 
d by Wallwork at aJL (8) 
taethyltransfbrase.
We investigated the effe 
and extent of the incorporati 
dues of histones H3 and H4.
:>n of methyl
cts polyamines and cationS on the rate
groups into the lysyl resi-
fhe time-course of in vitij-o methylation
Figure 16: Effee 
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of chromosomal bound histone
MgC12 was determined (Fig. 1[8). When spe rmidine was added to a con­
centration of 1.5 mM it altered not only 
extent of methylation of histone H4, whil
dimethyllysine shifted towards a more highly methylat
h Duerre andThis ratio closely approximated that whic
observed in vivo. The rate
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s H3 and H4 i
arid extent of
was not effected by putrescilne, but the effects of spermidine could 
be mimicked by increased concentrations cf Mg C ^  (Table 5,6 and 7).
imilar results.amThe addition of CaC^ gave s 
All the methylation sit 
to be saturated after incuba 
nine in the presence of 1.0 
results are consistent with 
However, the total number of 
lysyl residues of histone H4 
The ratio of mono- to dimethyllysine rema 
by the presence of the NaCl 
of NaCl between 0.05-0.15 M 
rate or extent of methylatioln of histone 
did the NaCl affect the ratio of mono- to
n the presence of 1.0 mM
the rate, bu 
e the ratio
t inhibited the 
of mono- to 
ed form (Table 5) 
Chakrabarty (7)
methylation of histone H4
histone H3 (Table 8).
It was proposed by Duerrej et_ al. (60) that NaCl ^ould possibly 
alter the conformation of the histone H4
fere with its binding to DNA
out using the DNA-enzyme complex and soluble histone H4 as substrate,
NaCl between 0.05 to 0.15 M bald little or
es on the arginine-rich h 
ting nuclei for 1 h with 
mM MgCl2 at pH 7.0 (Fig 
those reported by Wallwor 
[^H] methyl 
increased in
(Table 5). Interestingly 
had no signif
istones appeared 
S-adenosylmethio- 
18). These 
k e£ Al. (61) . 
groups incorporated into the 
the presence of 0.1 M NaCl. 
ined essentially unaffected 
, concentrations 
icant affect on either the 
H3 (Table 6,7 and 8). Nor 
di- to trim^thyllysine in
methyltransfrirase or inter-
When similar experiments were carried
no affect oil the reaction
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corporation of [JH]methyl
0 mM MgCl2,
Figure 18: Time-|ccmrse of in 
groups into chromosomal bound histone H3 
presence of 1.5 mM spermidine or 0.1 M 
contained 0.32 M sucrose, 1 
Tris-HCl buffer (pH 8.4), 15 pM S-adenos 
and the compounds listed. The final pH 
7.0. The reaction was initiated by the addition of S-adenosylmethio- 
nine. The reaction was run at 37° C for yarying time 
terminated by adding adenosylhomocysteine to a final 
2.0 mM and chilling to 4° C in an alcoho]-solid CO2 b 
tones were fractionated as outlined in the "Materials 
section.
and H4 in tjne absence and 
N)aCl. The reaction mixtures 
nuclei (8-10 mg DNA), 2.0 mM 
yl-L- [ ^ H-metl^ iyl ]methionine 
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TABLE 5
EFFECTS OF POLYAMINES, NaCl AND MgCl0 ON THE EXTENT OF IN VITRO INCORPORATION OF 
[3H]METHYL GROUPS INTO MONO AND DIMETHYLLYSINE IN 
CHROMOSOMAL BOUND HISTONE H4
Addition Opmol[JH-methyl]methyllysine/mol histone H4 Ratio
__________________________________________________________  (mono- to dimethyllysine)
monomethyllysine dimethyllsine total
None 196 219 415 0.89:1.0
0.1 M NaCl 685 686 1371 h-* O O o
1.5 mM spermidine 64 139 203 0.46:1.0
1.5 mM putrescine 250 219 469 1.14:1.0
10 mM MgCl2 37 53 90 o o O
The reaction mixtures contained 0.32~M sucrose, 1.0 mM MgCl2, nuclei“(8-10 mg DNA), 2.0 mM Tris-HCl 
buffer (pH 8.4), 15 pM S-adenosyl-L-[3H-methyl]methionine and the compounds listed. The final pH of the 
reaction mixture was 7.0. The reaction was initiated by the addition of S-adenosylmethionine and was 
incubated at 37° C for 60 min. The reaction was terminated by the addition of adenosylhomocysteine to a 
final concentration of 2.0 mM and chilling to 4° C in an alcohol-solid C02 bath. Histones were fraction­
ated as outlined in "Materials and Methods".
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EFFECT OF POLYAMINES, NaCl 
METHYLATION
TABLE 6
AND MgCl2 0 
OF SOLUBLE
N THE RATE OF IN VITRO 
HISTONES
Addition
Soluble Histones1 
pmol[ H-methy1]/mg/min
H3 H4
None
0.05 M NaCl 
0.10 M NaCl 
0.15 M NaCl 
0.20 M NaCl 
0.25 M NaCl 
0.35 M NaCl
28
£8
28
6
8
13
14
14
15 
14 
14
6
5
5.0 mM MgCl2
10.0 mM MgCl2
25.0 mM MgCl2
50.0 mM MgCl2
29
28
2j8
11
14
14
10
6
1.5 mM Spermidine
3.0 mM Spermidine
6.0 mM Spermidine
3.0 mM Putrescine
6.0 mM Putrescine
25
27
11
12
12
13
12
xThe reaction mixtures contained 0.2 
20 pM S-adenosyl-L-[%-methyl]methionine, 
either 15 pg of histone H3 or 66 pg of his 
indicated in the table, in a (final volume 
mean of two separate assays.
M Tris-HCl 
62 pg enzyme 
tone H4 plus 
of 0.2 ml
buffer (pH 8.0), 
protein and 
the additions 
Values are the
EFFECT OF POLYAMINES, 
METHYLATION OF
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CHROMOSOMAL BO
rABLE 7
NaCl AND MgCU ON THE RATE OF IN VITRO
3UND HISTONES
Nuclei^
Opmol [JH-methyj]/mg/min
Addition H3 H4
None
0.05 M NaCl 
0.10 M NaCl 
0.15 M NaCl 
0.20 M NaCl 
0.25 M NaCl
4.6
5.1
6.5
4.6
3.0
1.1
1.8
3.8
6.7 
7.0
3.8 
2.3
5.0 mM MgCl2
10.0 mM MgCl2
25.0 mM MgCl2
4.6
4.9
4.3
0.9
0.6
0.3
1.5 mM Spermidine
3.0 mM Spermidine
6.0 nM Spermidine
3.8
4.2
4.3
1.0
0.5
0.5
3.0 mM Putrescine
6.0 mM Putrescine
5.6
4.6
1.8
1.8
LThe reaction mixtures qontained 0.32
(pH 8.4), 15 
listed. The
M sucrose,
final pH of
nuclei (8-10 mg
pM S-adenosyl-L-[^H-methyl]-DNA), 2.0 mM Tris-HCl buffer 
methionine and the compounds
7.0. The reaction was initiated by the acdition of S-jadenosylmethionine. 
The reaction was run for 5 mfn at 37° C ape 
of adenosylhomocysteine to a 
to 4° C in an alcohol-solid C02 bath. Hist
outlined in "Materials and Methods" and specific activity determined.
d terminated 
final concentration of 2.
tones were f
the reaction was
by the addition 
0 mM and chilling 
ractionated as
TABLE 8
EFFECTS OF POLYAMINES, NaCl and MgCl9 ON THE EXTENT OF IN VITRO INCORPORATION OF 
[3H]METHYL GROUPS INTO MONO-, DI- AND TRIMETHYLLYSINE IN CHROMOSOMAL BOUND HISTONE H3
Addition Oymol[ H-methyl]methyllysine/mol histone H3 Ratio mono-:di-:tri-
___________ ________________________________________________ _ methyllysine
monomethyllysine dimethyllysine trimethyllysine total
None_______________ 654____________________511_________________74
0.1 M NaCl 684 517 76
1.5 mM spermidine 774 621 106
1.5 mM putrescine 730 546 82
10 mM MgCl2 676 458 65
1247
1277
1501
1358
1199
1.26:1.0;0:-±5
1.32:1.0:0.15
1.25:1.0:0.17
1.34:1.0:0.15
1.47:1.0:0.14
The reaction mixtures contained 0.32 M sucrose, 1.0 mM MgC^, nuclei (8-10 mg DNA), 2.0 mM Tris-HCl 
buffer (pH 8.4), 15 yM S-adenosyl-L-[3H-methyl]methionine and the compounds listed. The final pH of the 
— reaction mixture was 7.0. The reaction was initiated by the addition of S-adenosylmethionine and was 
incubated at 37° C for 60 min. The reaction was terminated by the addition of adenosylhomocysteine to a 
final concentration of 2.0 mM and chilling to 4° C in an alcohol-solid CO2 bath. Histones were fraction­
ated as outlined in "Materials and Methods".
(Table 6). When the concentration of NaCl was increased above 0.2 M 
methylation of free and chromosomal bound histone H4 was inhibited
salts were observed with [free and chromo- 
arently NaCl
(Table 6 and 7). Similar re 
somal bound histone H3. App 
chromatin. As a result methylation sites 
accessible to the enzyme (Table 5). To d' 
specific or nonspecific the 
from adult rats. Duerre jrt 
adult rat brains are fully mletjhylated in 
experiments revealed that onfly traces of 
porated into histones H3 and H4 in the pr 
Therefore the sites exposed on! chromosoma
alters the conformation of 
on histone h4 were made
etermine
experiments w|i 
al. (7) have
rapidly proliferating tissue 
specific.
Effects of Puromycin on Histfrnp Methylatibn In Vivo
r
 if phese sites were
ere repeated1 using nuclei 
shown that histones from 
vivo. The results of these 
[■^ H] methyl groups are incor- 
esence or absence of NaCl.
1 bound histone H4 from
in the presence of NaCl Appear to be
When adult rat livers were perfused with puromycin (125 pg/ml)
on of amino acids into chromosomal proteinsfor one hour the incorporate 
was essentially nil (95-98% inhibition) 
methylation of histones was inhibited by 
ation of methyl residues in :hte absence o 
that methylation is a late e
Under these 
75% (Fig. 19 
:: protein sy
conditions the 
. The incorpor- 
thesis suggested
by Allfrey et al. (68) using
eht or methyl groups turnover independent 
of the polypeptide chain. A^tpr a two hour incubatiop in the presence 
of puromycin the incorporation of methyl Residues decreases by 90%. 
These data indicated that the methylation of histones 
occuring some time after their synthesis. Similar results are obtained
isolated calf thymus nuclei.
is a late event,
va
Figure 19: Effect 
isolated rat livers. Normajl 
puromycin (125 yg/ml) for 
essential amino acids were 
L-Methionine (6.4 ymol) conlt 
and 1.6 yCi/ymol L-[^C-carb 
frozen in liquid nitrogen, 
under "Materials and Methodb
twice
of puromycji 
adult rat 
rying lengths 
added at 
ained 12.8 
oxyl]methioni 
he histones 
and speciffi
e synthesis in 
ljivers were perfused with 
of time, after which all
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normal plapma levels.
O
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DISCUSSION
The enzymes involved in 
located exclusively within th 
(Table 1). Other enzymes havre been shown
matin such as acetyltransferas^ (69) and certain nuclear-protein 
kinases (70).
ltransferaseThe histone lysine methy 
chromatin by partial digestio 
(61), distilled water (8) or 
that all these preparations dohtain DNA fi 
were digested with DNAase I £ 11 methylase
nucleoplasm. When this fract
results were obtained. The endymes appare
the methylation of histones H3 and H4 are 
e nucleus and are firmly bound to chromatin 
to be associated with chro-
n with microdoccal nucleate (Fig. 7), NaCl
mechanical shearing (71).
et al. (8) reported the presence of histoqe methyltransferase(s) in the
ion was treated with DNAase I similar
tdmpts to rec
cubated with
zation and/or activation. At 
of DNA or prevention of hydrophobic inters 
have failed. However, the enzymes, partic 
methyltransferase, were quite stable while 
the small DNA fragments.
When nucleosomes were in 
methyltransferase(s) in the p 
methionine no methyl groups wi 
histidyl residues of the hist 
ation readily methylated soluble histones. 
Sarnow £t al. (71) to conclude that histon 
soluble form prior to nucleos
s) can be solublized from
We have found 
agments. If] the DNA fragments 
activity was lost. Wallwork
ntly require 
over the enz
d DNA for stabili- 
ymes by the addition 
ction by the addition of NaCl 
ularly histone H3 lysine 
they remain associated with
partially purified histone
rdsence of S-adenosyl-L-[JH-methyl] 
erje incorporated into the lysyl, arginyl or 
or}es. In contrast the sa|ne enzyme prepar- 
These observations have led 
es are methylated in the
ome assembly.
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rich in histone methyltransferase(s), the
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However, when soluble hi.stones were incubated wifh native chromatin
methylated (Fig. 15), while the firmly bound histones methylated
readily. Apparently the hist 
during nucleosome assembly, 
were incubated with chromatir. 
presence of S-adenosyl-L-meth 
methylated, whereas when chrc 
above no methylation of histc 
results are obtained by Tidwe
When the DNA-methyltransf 
from rapidly 
ionine, both
When one day old rats at
incorporated into brain histo
are treated similarly only trace quantities of radioac
porated into rat brain histones. Duerre e 
rat brain tissue from 12-14-day old animal 
methylation sites on histone H3 and 0.0132 
histone H4 are undermethylated at the time
matin from adult rats is
.1 et_ al.
adult animals are incubated vitfh radiolabl[ed S-adenosyi-L-methionine.
soluble histones were not
oijies were methylated afte|r binding to DNA
erase complexes 
proliferating cells in the 
histones H3 and H4 were
nes H3 and H4 is observed (41). Similar
incubated as
(40) when brain nuclei from
e 'given radiclabeled lysine and methyl-
labeled methionine, significant quantities of the radioactivity are
nds (41). In contrast, when adult rats
This indicates that histones 
methylated and that only the 
able to accept methyl groups, 
with the conclusion that the
histones in newly formed nucleosomes are
All of the 
histones are
assembly or shortly after assembly of the
It has been well establi; 
to nuclease digestion. Micro
ferentially degrade nascent DNA in chromat
from non-prol
shed that nas 
cpccal nuclea
t al. (44) e
txvxty xs xncor- 
stimated that in 
s, 0.024% of the total 
of the methylation sites on 
the nuclei are isolated, 
iterating tissue are fully
observations) are consistant 
methylated during the 
nucleosome.
cent DNA is very susceptible 
se has been shown to pre­
in of swimmipg blastulae of
80
sea urchins (72), Chinese hamster cells (73,74), HeLa
chick erythrocytes (76). Br^vpet has foujid that the histones asso­
ciated with the newly formed nhcleosomes ire undermetHylated and this 
region is quite susceptible ^o nuclease digestion (personal communi­
cation) .
Duerre et al. (60) found chat NaCl increased the 
methylation of histone H4 when nuclei are
conformationmethionine. NaCl alters the 
that there is an increase in 
tion in histone H4. Whereas 
manner. This indicates that 
of histone H4 may be involvec 
structure, perhaps formation 
is unaffected by altering the 
or polyamines. Therefore the 
located in a region which is 
nucleosome in the solenoid, 
be involved in some higher or
(solenoid), then the relaxati
presence of histone demethylase in rat kid 
detect turnover of methyl group in non-pro 
way negate this possibility, 
actively transcribing should 
tiation and should continue ti
o
If methylation is invol-ve4 in the formation of th
cells (75) and
extent of 
incubated with S-adenosyl-L- 
of chromatic in such a way
the number of sites available for methyla 
M^Cl™ or spermidine acts in an opposite 
the methylation of the N^terminal region
in some higher order of chromatin
the superhelix (solenqid). Histone H3 
types or concentrations of the cations 
N-terminal region of histone H3 may be
ation of theunaffected by the conform 
Ttjie N-terminal region of 
der of chromatin structur
on of this structure duri
may involve demethylation. Falk and Kim (77) have reported the
The majority 
be turned on 
o transcribe
the cell. Consequently, little or no turpi
histone H3 may 
e.
e superhelix 
ng transcription
ney and livet. Failure to 
liferating c^lls would in no 
of the operons which are 
at the time of cell differen 
throughout the lifetime of 
over of methyl groups
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would be detectable in most non-proliferating cells.
The turnover of e-N-met 
H3 and H4 have been studied
and L- [^C-methyl jmethionine
the methyl groups [^C] in biain histones
over in the absence of cell 
turnover of methyl groups on
hyl groups on 
)y a number o
(46,48-51). After the simultaneous administration of 4,5-[^H]lysine
from that of the lysyl residues [JH]. Nor did histone H3 or H4 turn-
lysine residues of histones 
F different laboratories
to 12 day olp rat pups the turnover of
did not differ significantly
over independently of the thp polypeptide 
from non-proliferating adult 
from 2-3% of histones H3 and
Attempts tto detect thedivision (46)
histones in yitro with Ehrlich-ascites 
tumor cells (48), Chinese haijister ovary cells (49) and developing 
trout testis (50) have also been unsuccessful. Contrariwise, Hempel 
et al. (51) reported that metfhyl groups oiji the lysyl Residues turned
chains in hlistones H3 and H4 
cat kidney cplls. They Reported that 
H4 turnover daily, while a much higher
percentage (16-36%) of the methyl groups turnover. Considering that
methylation of histones is a 
after histone biosynthesis (3 
the puromycin studies, we con 
H3 and H4 do not turnover in
relatively la 
9-41) and fro 
elude that th 
the absence o
The histone H4 methyltransferase isolated by DEAEr-cellulose
chromatography catalyzes the 
in soluble histone H4. This 
the histone H3 lysine methylt|rdnsferase ani 
addition of calf thymus DNA.
presence of an arginyl methyltransferase i
(79) reported the presence of
te event occuring sometime 
m the result's obtained from 
e methyl residues on histones 
f protein synthesis.
methylation pf arginyl not lysyl residues 
enzyme was considerably more stable than 
d was not inhibited by the 
(78) have reported the 
n wheat germ| and Lee et al.
Gupta et al
this enzyme in calf brain.
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We have reported that t)ie crude enzype extract from young rat 
brain chromatin would catalyzej the methyljation of arginyl residues in 
soluble histone H4 (Table 4). Similar rebults are obtained by Wall- 
work est a^. (61). They indicated that when the histone H4 lysine 
methyltransferase is dissociated from chromatin it lo^t specificity.
ive isolated
catalyze the methylation of chromosomal bbund histones (Table 3), 
whereas the crude preparation 
tones. Apparently the histone 
unstable and we have isolated the arginyl
However the enzyme that we ha
that this enzyme is a contam 
with in vivo results from wofk
number of sources. However, 
this enzyme may play a role
from DEAE-ceflulose will not
will methylate chromosomal bound his- 
H4 lysine ljnethyltransferase was extremely 
methyltransferase.
The majority of the arginyl methyltransferase ha^ been reported 
to be present within the cytoplasm (80-83). Considering that a large 
quantity of methylated arginyl residues have been fouiid in other 
fractions, particularly the ijiicrosomal fraction (84), it may well be
j_nate. This observation is consistent 
done by a large number of laboratories 
(7,34,85). These laboratories have not bein able to detect the pre­
sence of methylated arginyl Residues within histones from a varied
this does not
in
tf negate the possibility that
denaturation of histones during their
turnover or some other role.
SUMMARY
The histone lysine methyltransferases catalyze the transfer of
methyl groups from S-adenosy 
residues in the N-terminal r
1-L-methionine to specifit e-N-lysyl
egions of histones H3 and
enzymes are located exclusively within the nucleus and are firmly
bound to chromatin. The chrbmosomal bornpl enzymes do
free or loosely bound histones. However,
ated within the nucleosomes 
The enzymes were extrac 
chromosomal DNA from rapidly
micrococcal nuclease. The enzymes were f
filtration, ammonium sulfate
tography. The histone methyltransferases
tinct fractions by Sepharose
are methylate 
ted by limite 
proliferatin
fractionatio
6B-100 and D
Histone H3 lysine methyfLtjransf erase pas shown to
the lysyl residues of chromopopial bound o
molar ratio of mono- to di- 
was 1.0:2.1:1.0, while the r 
1.9:1.0:0.08.
The histone H4 lysine m 
the crude nuclease digest, w 
upon further purification.
to trimethylljysine in the
DEAE-cellulose chromatography methylated
histone H4 and would not met
H4. These
histones H3
not methylate 
and H4 associ-
d digestion (12-16%) of 
g rat brain chromatin with 
urther purified by gel 
n and DEAE-cellulose chroma- 
were resolved into two dis- 
EAE-cellulos^ chromatography, 
chromatography was specificOne enzyme fractionated by DEAE-cellulose 
for histone H3, while the ottiejr enzyme wajs specific fbr histone H4.
r soluble hibtone H3. The
as extremely 
The enzyme sp
lylate lysyl
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methylate only
soluble system
atio with chramosomal bound histone H3 was
ethyltransferase which wap detectible in
labile losing all activity 
ecific for histone H4 after 
anly arginyl residues in 
residues in histone H4.
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The pH optimum for histone H3 lysine
soluble rat brain histone H3 as substrate
tion from pH 8.2 to 8.7. The pH optimum for histone E
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histone H4 
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Ap p e n d i x i 
solutions
Bray's Scintillatjion Counting Solution
To make 1 liter:
Diphenylamine Reagent
1.5 g diphenylamine 
100 ml concentrated acetic acid
1.5 ml concentrated sulfpric acid
The reagent was sto 
acetaldehyde (16 mg/ml) 
to use (0.1 ml aqueous
4 g 2-5-diphi 
100 mg 1,4-b 
benze 
333 ml Trito 
666 ml Tolue
lenyloxazole (PPO) 
is-2- (5phenyjLoxazolyl) - 
ne (P0P0P) 
n X-100
ne (scintillation grade)
rdd in the da 
was added to 
ajc^taldehyde/^i
rk until use(i. Aqueous 
the reagent just prior 
0 ml reagentj) .
88
APPENDIX II 
KEY TO ABBREVIATIONS
KEY TO
89
ABBREVIATIONS
Term Abbreviation or Symbol
pico (10-3-2) 
nano (10~^) 
micro (10- )^ 
milli (10-3) 
centi (10-2) 
gram
litre (liter) 
metre (meter) 
mole
molar (concentration)
normal (concentration)
volume
weight
volts
ampere
pounds/square inch 
times gravity 
minute (time) 
hour (time)
Celsius, degree 
curie
Michaelis constant 
inhibitor constant 
and others
Til
mol
N
v
n
V
A
psi 
X g 
nin
a
DC
Si
Km
H
et al.
Term
90
Abbreviation or Symbol
within a living organism 
within an artificial environment 
optical density 
deoxyribonucleic acid 
diethylaminoethyl-cellulose 
N,N,N' ,N'-tetramethylenediairrijie 
2,5-diphenyloxazole
1,4-bis-2-(5-phenyloxazoly)-benzene
sodium ethyleneglycol-bis(B-aninoethyl 
ether) N,N'-tetraacetic |acid
chloroform: methanol (2:1, v/v)
hydrogen chloride (hydrochloric acid)
hydronium perchlorate (perchlD^ic acid)
sulfuric acid
magnesium chloride
sodium chloride
calcium chloride
carbon dioxide
trichloroacetic acid
sodium dodecyl sulfate
tris(hydroxymethyl)aminomethale
N-tris(hydroxymethyl)methyl g Lysine
m  vivo
in vitro 
O.D.
DNA
DEAE-cellplose 
TEMED 
PPO 
POPOP 
EGTA
Folsch 
HC1
h c i o4 
h2s o4
MgCl2 
NaCl 
CaCl 2
co2
TCA
Na Dod SO 
Tris 
Tricene
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